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(a)

is

half-wave rectifiér with pi-filter (Ds, C,, L, and C3), and a feedback circuit that controls the
output voltage by modulating the duty cycle of the switch. The transformer steps down the
voltage and provides isolation from the high voltage ac line input. Diode Dg and R clamp
the inductor voltage when the switch opens. The feedback signal path is isolated from the
input using an optical isolator. (See Electronics in Action in Chapter 5 for discussion of the
optical isolator.)

3.18 dc-to-dc CONVERTERS

(ADVANCED TOPIC)

Multiple power supply voltages are required in most electronic systems. One method of generating
these voltages is to use several half-wave or full-wave rectifier circuits. However, the output voltage
of these circuits is determined by the transformer voltage, and hence multiple transformer outputs
are required. In addition, the rectifier circuits most often operate at 60 Hz, and the transformers

have a significant size and weight.

A more flexible method is to use high-efficiency de-to-de converters that can operate at much
higher frequencies, which, as we shall later see, reduces the size and weight of the inductances
in the circuit. The dc-to-dc converter uses a dc input voltage and provides an electronically con-
trolled output voltage with a continuously variable range. This section describes two examples of
de-to-dc converters: the boost converter, which provides an output voltage that is greater than the

input voltage, and the buck converter, whose output voltage is less than its input voltage.

3.18.1 THE BoosT CONVERTER

The circuit for the basic boost converter is in Fig. 3.73(a). At the heart of the converter are the
inductor L and switch S, which is periodically turned on and off, as indicated in Fig. 3.73(b). The
switch is closed during the time interval 7, and open during the time interval T,. Switching is
periodic with period T = T, + T Diode D also operates as a switch and is off when S is on and
vice versa. A dc input voltage is supplied by source Vs, and R and C represent the load resistance

and filter capacitor, respectively.

In these analyses, we assume that the circuit has been operating for a long time and that any

start-up transients have died out. The circuit will then be operating in the periodic steady state.

Switch S Closed During the time interval Ty, swﬂch S is closed, and the output voltage, which
we will find to be greater than zero, reverse-biases diode D, resulting in the equivalent circuit in
Fig. 3.74(a). For simplicity, the ideal model is used for the diode. The dc input voltage Vs now
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Figure 3.73  (a) de-to-dc boost converter. (b) Periodic switch timing: Switch § is closed during 7, and
open during T
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Figure 3.74 (a) Model valid during T, when switch S is closed. (b) Model for T,s; interval when switch

S is open.

appears directly across the inductor, and the inductor current at the end of the T, interval is
Ton VS VS
() =000+ [ d =0+ T (3.79)
0

During time interval (0, T,,), the inductor current increases at a constant rate, as depicted in
Fig. 3.75. Because the current in the inductor cannot change instantaneously, iz (0") is equal to
the current just before the switch changes state.

Vs - Vo

. Vg :
A ip, Slope = T Slope =

L3 \ : / PG

I L
Y
Ton Toff Ton Tof f Ton Toff f
0 T 2T 3T

Figure 3.75 Periodic inductor current waveform: iy = I, + i, (2).

Switch S Open 'When the switch opens, the diode turns on, providing a path for the inductor
current through the diode to load resistor R and filter capacitor C, as depicted in Fig. 3.74(b).
To simplify the analysis, we assume that the ripple voltage at the output is small enough for the
output voltage to be approximated by a dc voltage, vop &~ V. Using this assumption, the voltage
across the inductor is again constant and equal to Vs — V. The inductor current at the end of the
Toi time interval (t = Top + Togr = T) 15

Ton+Torr V. _\?V
(T = in(Ton) + / Yoo toy (3.80)
Ton
V. Ve —V, .
i (T) =i (07) + ISTm + S—L‘ZToff (3.81)

For V, exceeding Vs, the inductor current decreases with time during the Toy interval—
again, as shown in Fig. 3.75. Also, because the circuit is operating periodically with period 7', the
inductor current at the times f = 0* and + = T must be identical. Thus,

\% Vo=V
i(T)=i,(0") and T,=-2—72

_ T, 3.82
T 7 " (3.82)
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Rearranging this equation yields the basic relationship between the input and output voltage
for the boost converter:

T \Z V.
Vs(Ton + Tor) = Vo Tost or Vo =Vsg— = ———ST = 5 (3.83)
T | _Tw  1-3
T

in which § = Ty,/T is termed the duty cycle of the switching waveform. The output voltage
can be changed by varying the duty cycle of the switch. Because 0 < § < 1, the output voltage
Vo > Vs; the converter “boosts” the output voltage above the input voltage.

Inductor Design Tt is surprising to note that the expression for the output voltage in Eq. (3.83)
is independent of L. An additional design parameter is needed in order to choose the value of
inductor L. This parameter is the ripple current in the inductor. Because the voltage across the
inductor is constant during both the Ty, and Tog time intervals, the inductor current is a sawtooth
waveform, as depicted in Fig. 3.75 [see Eqgs. (3.79) and (3.80)]. The magnitude of the ripple
current I, is given by either

1% Vo—V
L =231, o L =22

= Ty 3.84
7 2 i (3.84)

which must be equal. Rearranging Eq. (3.84) yields an expression for the value of the inductor:

V. VsT (T, V.
=21, =2 ()= (3.85)
I I T Lf

in which f = 1/T is the switching frequency. From Eq. (3.85), we see that the higher the choice
of operating frequency, the smaller the required value of inductance. de-to-dc converters can be
operated at frequencies well above 60 Hz in order to reduce the size of L, and f is normally chosen
to be above the range of human hearing. Frequencies of 50 kHz to above 1 MHz are common.

dc Input Current In the boost circuit, the average inductor current I is larger than the dc load
current. For the ideal converter, there is no loss mec/hanism within the circuit. Therefore, the
power delivered to the input of the converter must equal the power delivered to load resistor R:

Vo T I
Vils = Vol Ig=I1p— =1 = 3.86
sls olo or s =Tloy 0T T1_3% (3.86)

From this equation we see that the dc current in the inductor is greater than the dc load current by
the same factor as the increase in output voltage. Note that the inductor must be properly designed
to operate with this potentially large value of average current.

Ripple Voltage and Filter Capacitance In the boost converter, filter capacitor C is designed to
control the ripple voltage V, in a manner similar to that of the half-wave rectifier in Fig. 3.57
and Eq. (3.56). During time interval 7oy, diode D is off, as in Fig. 3.74(a), and the capacitor must
supply the total load current. If the ripple voltage is designed to be small, the discharge current
is approximately constant and given by Io = Vo/R. Based on this approximation, the ripple
voltage can be expressed as

In., _VoTw _VoT (T) VoT
T

V,x =Ty = = — =-—39 3.
RC RC RC (3.87)
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Table 3.6 summarizes the design relationships for the de-to-dc boost converter.

TABLE 3.6
Boost Converter Design

T Vs Vs
Output voltage Vo =V, = =
P veTe T P | Tm 13
T
T Io Io
ource curren s=1Ip <Toff> - o =13
T
V VT (T, V,
Inductor L=, =" [22)= s
2 L \T )7 1f
. . VoT T\ VoT
Filt e C=— [ 22 ) = 2§
ilter capacitor ¥ ( T ) VR

EXERCISE: What is the duty cycle of the switching waveform in Fig. 3.73(b)?

ANSWERS: Z or66.7%

EXERCISE: What are T, To, Tosr, R, L, C, and [, for a boost converter with the following
specifications: Vs =5V, Vo =20V, Ioc =1A, [, =01 A, V, =0.25V, and f = 50 kHz? What
are the values of v, during the T, and T time intervals?

ANSWERS: 20 ws; 15 ps; 5 us; 20 2; 0.75 mH; 60 pF; 4 A; +5V; —15V
/ .

3.18.2 THE Buck CONVERTER

The buck converter in Fig. 3.76 is designed to produce an output voltage that is smaller than the
input voltage. Operation of the buck converter is similar to that of the boost converter, and sw1tch
S operates periodically with the same timing as in Fig. 3.73(b).

Switch S Closed During the time interval T,,, switch S is closed, and the positive input voltage
reverse-biases diode D, resulting in the equivalent circuit in Fig. 3.76(b). We again assume that
the ripple voltage at the output is. small enough that the output voltage can be approximated by
a constant voltage, vy ~ V. Using this assumption, the voltage across the inductor is equal to
Vs — Vo, and the inductor current at the end of the first T,, interval will be

o Vg — Vs —V,
i (To) = 1,.00%) + / Y= Yo g oty + 52 Yo, (3.88)
0 L L

Because the current in the inductor cannot change 1nstantaneously, i1 (0") is equal to the current
just before the switch changes state.

Switch S Open  When the switch opens, the diode turns on, providing a continuous path for the
inductor current from ground through the diode to load resistor R and filter capacitor C, as depicted
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Figure 3.76  (a) de-to-dc buck converter. (b) Model valid during To, when switch S is closed. (c) Model
for T, interval when switch S is open.

in Fig. 3.76(c). The voltage across the inductor is now equal to —Vo. The inductor current at the
end of the Ty time interval is

Tt ot —V Vs — Vo Vo

i (T) =1 on —dt=1i ot Ton — — Lo 3.8
i(T) zL<T>+/Tm Yo i =10+ = O T (3.89)

However, the circuit is again operating periodically with period T. Therefore, the inductor
current at the times 1 = O+ and ¢ = T must be identical. Thus,

/VO—VS Vo
Ton = — 1o 3.90
L n L ff (9)

i (T) =i, (0 and

Rearranging this equation yields the basic relationship between the input and output voltage for
the boost converter:

Ton
Vo= Vs = Vsb | (3.91)

\

where § is the switch duty cycle. Because T., < T, the output voltage Vo = Vs. In this converter,
the inductor voltage “bucks” the input voltage, and the converter output voltage is less than the
input voltage. The output voltage of the buck converter is directly proportional to the duty cycle 8.

Inductor Design  The relationship between the input and output voltages expressed by Eq.(3.91)
is, again, independent of L, and the design of the inductor value is determined by the ripple current
specification.

The inductor current waveform for the buck converter is very similar to that of the boost
converter, as drawn in Fig. 3.77. The magnitude of the ripple current I is given by

Vs — Vo . Vv
I = 5 I 0T0n= IO_ off (392)
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Figure 3.77 Inductor current waveform: iy = I +i,(¢).

Rearranging Eq. (3.91) yields an expression for the value of the inductor:
V VoT [Ty VoT T V.
L="2Ts="9 ) =297 (1-22) = 21 -9 (3.93)
ja L, \T I, T If ,

In the buck converter, the dc current I, is equal to the dc load current /,. The current that
must be supplied from the source Vy is given by

VO Ton
VslsZVQIO or IS=10——210—2105 (394)
Vs T

From this equation, we see that the dc input current to the converter is less than the load current.

Ripple Voltage and Filter Capacitance In'the buck converter, only the ripple current must be
absorbed by filter capacitor C. The positive change in voltage across the capacitor, which must
also equal the negative voltage change, is equal to the ripple voltage V.

. 1 Ton+H(Toft/2) A 1/1, Ton + Toit IL.T
y =L par=22  whereag =12 () (ot Ly (3.95)
C Jr.p C 22 2 8

The integral of the capacitor current represents the total change in charge AQ on the filter
capacitor and corresponds to the area of the shaded triangular region in Fig. 3.77. Expressions for
the value of the capacitor can be found using Eqs. (3.93) and (3.95):

| LT Vo T?

—=——(1-3 3.96
AR YA (3.96)

Table 3.7 summarizes the relationships needed for design of the buck converter.

TABLE 3.7
Buck Converter Design

TOD
Output voltage Vo = Vs—%— = Vb
- Ton
Source current Iy = IOT =1Ip6
VoT [ To Vo
Inductor L= = 18
nductor 2 ( T ) Irf( )
. . LT Vo T?
Filter tor C=--=——(1-94
ilter capacitor 8V v, 8L( )
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Draw a graph of the waveform for the current in
the switch in Fig. 3.73 for the converter in the
boost converter exercise (page 149). (b) Repeat
for the current in diode D.

(a) Derive an expression, similar to Eq. (3.83),
for the output voltage of a boost converter using
the CVD model for the diode. (b) What are the
output voltage, ripple voltage, and ripple current
of a boost converter operating with Vs = 5V,
Voo = 075 V, R 20 ©, L = 0.75 mH,
C = 60 pF, f = 50 kHz, and 8 = ;? Compare
your answer to the boost converter exercise in
the text (page 149).

The ideal boost converter has no loss (that is,
its efficiency is 100 percent). (a) Derive an ex-
pression for the efficiency 7 of the boost con-
verter, including the CVD model for the diode
if n = 100% - Po/Ps = 100% - Volo/ Vsis.
(b) What is the efficiency of the boost converter
in the exercise on page 149 if the diode voltage
is 0.75 V7 (c) Derive an expression for the effi-
ciency n of the boost converter including both the
on-voltage of the diode and a fixed voltage drop
across the on switch.

Buck Converters

- 3.119.

3.120.

3

(a) Draw a graph of the waveform for the current
in the source Vi in Fig. 3.76(a) for the converter
in the buck converter exercise (page 152). (b) Re-
peat for the current in diode D.

Draw a graph, similar to Fig. 3.77, showing the
waveforms of both the inductor current and out-
put voltage for the buck converter in Fig. 3.76(a).
Use the values from the buck converter exercise
(page 152).

Design a buck converter operating at a frequency
of 30 kHz to generate +15 V from a +50-V sup-
ply. The converter will have an output current of
0.5 A and a ripple voltage of less than 0.1 V. As-
sume that the ripple current is 10 percent of the
dc inductor current. '

Design a buck converter operating at a frequency
of 50kHzto generate +3.3 Vfroma+5V supply.
The converter will have an output current of SA,
and a ripple voltage of less than 0.1 V. Assume
that the ripple current is 10% of the dc inductor
current.

Design a buck converter operating at a frequency
of 50 kHz to generate +15 V from a +170-V

*3.124.

#3,125.

E

supply. The converter will have an output current
of 2.5 A and a ripple voltage of less than 05V
Assume that the ripple current is 15 percent of the
dc inductor current.

(a) Derive an expression, similar to Eq. (3.91),
for the output voltage of a buck converter using
the CVD model for the diode. (b) What are the
output voltage, ripple voltage, and ripple current
of a buck converter operating with Vg = 10V,
Voo = 075V, R = 5Q, L 1.25 mH,
C = 125 uF, f = 40 kHz, and § = 3? Com-
pare your answer to the buck converter exercise
(page 152).

The ideal buck converter has no loss (that is,
its efficiency is 100 percent). (a) Derive an ex-
pression for the efficiency 7 of the buck con-
verter, including the CVD model for the diode
if n = 100% - Po/Ps = 100% - Volo/ Vss.
(b) What is the efficiency of the buck converter in
the exercise on page 152 if the on-voltage of the
diode is 0.75 V7 (c) Derive an expression for the
efficiency 7 of the buck converter, including both
the on-voltage of the diode and a fixed voltage
drop across the on switch.

3.19 Wave-Shaping Circuits

3.126.

3.127.

3.128.

The circuit inside the box in Fig. 3.110 contains
only resistors and diodes. The terminal Vo is con-
nected to some point in the circuit inside the box.
(a) Is the largest possible value of Vo most nearly
0V, —6V,+6V,o0r+15V? Why? (b) Is the small-
est possible vatue of Vo most nearly 0V, =9V,
+6V, or +15 V? Why?

THSV

Circuit containing
diodes and resistors

Yo

-9V

Figure 3.110

Draw waveforms for v, for the two circuits in the
Fig. 3.111. The diodes are ideal.

Draw the waveform for v, for the circuit in
Fig. 3.112. The diode has an on-voltage of 0.7 V
and R, = 0. Use the waveform in Fig. 3.111.




